REPORT No. 569

WING-NACELLE-PROPELLER INTERFERENCE FOR WINGS OF VARIOUS SPANS
FORCE AND PRESSURE-DISTRIBUTION TESTS

By RUBBELL G. RorinsoN and Winniam H. HEBBNBTEiN, JR.

SUMMARY

An  experimental investigation was made in the
N. A. C. A. full-scale wind tunnel to determine the effect
of wing span on nacelle-propeller characteristics and,
reciprocally, the lateral extent of nacelle and propeller
influence on @ monoplane wing. The results provide a
check on the validity of the previous research on nacelles
and propellers with 16-foot-span wings tested in the
20-foot wind tunnel and reported in Technical Reports
415, 436, 462, 605, 606, and 607.

The 4/9-scale propeller and the N. A. C. A. cowling
used in the former researches were tested in three typical
tractor locations with respect to a thick wing of &-foot
chord and 30-foot span. The span was progressively
reduced to 26, 20, and 15 feet and the same characteristics
were measured in each case.

The efficiency” factors—propulsive effictency, nacelle
drag efficiency, and net effictency—uwere obtained for each
wing length by means of force tests and the values are
compared to determine the effect of &pam. Pressure-
distribution, measurements show the lateral extent of the
nacelle interference and the propeller—slzpstream effect
on the span loading for the various conditions. Complete
polar curves_and curves showing the variation of nacelle
drag with lzft coefficient are also included.

Force and pressurc—dwtmbzdwn tests concur in indi-
cating that, for engineering purposes, the influence of a
nacelle and of @ propeller, in a usual combination, may
be considered to extend laterally on a wing the same mazxi-
mum distance, or about five nacelle diameters or two pro-
peller diameters outboard of their common axes. All
important effects of 4/9-scale nacelle-propeller combina-
tions may be measured within practical limits of accuracy
by tests of a 16-foot-span wing.

INTRODUCTION

Several years of research in the N. A. C. A. 20-foot
tunnel have provided data comparing the merits of most
practicable wing-nacelle-propeller combinations for
air-cooled radial engines. There have been tested a
tractor propeller with an N. A. C. A. cowled nacelle
and a thick wing (reference 1), with various radial-
engine cowlings and a thick wing (reference 2), with

various radial-engine cowlings and a Clark Y wing
(reference 3); tandem propellers with a thick wing and
various radial-engine cowlings (reference 4); a tractor
propeller with a Clark Y biplane cellule and N. A. C. A.
cowled nacelle (reference 5); and a pusher propeller
with various wings and radial-engine cowlings (refer-
ence 6). For all these investigations a 4/9-scale repro-
duction of a Wright J-5 Whirlwind engine was used in
conjunction with engine nacelles and cowlings of
various forms. The propeller was 4 feet in diameter
in every case. The thick wing was of 5-foot chord and
15-foot span; the-Clark Y wing, of 38-inch chord and
15-foot 10-inch span. The magnitude of these di-
mensions relative to each other and to the 20-foot-diam-
eter air stream in which the tests were made are
among the factors that determine the degree to which
the tunnel tests reproduce flight conditions.

The validity of all the data reported in references 1
to 6 depends on the effects of certain departures from
flight-operating conditions. The most obvious differ-
ence is the limited span of the test wing compared with
the greater spans of actual wings used in flight. If
the field of flow were appreciably altered beyond the
tips of the test wing by the nacelle or the propeller,
then the total effect that would be produced on a large
airplane wing would be different from that measured
on the test wing and the test data could not be applied
directly to an airplane design. The “blocking” of
such a large test wing in a 20-foot-diameter jet is
another possible source of error in that a possible
higher velocity near the edges of the stream, compared
with the velocity in the center, is a condition not re-
produced in flight. The jet boundary may also intro-
duce undesirable effects.

British tests (reference 7), the only known experi-
mental work on the subject, suggested that the in-
fluence of a nacelle without propeller extends about
6 or 7 diameters outboard of the nacelle center. Thusa
wing of at least 20-foot span, or aspect ratio 4, would
be required to measure the complete nacelle .effect,
and it might be supposed (in the absence of test results)
that the propeller effect extends farther than the nacelle
effect.
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The influence of any such disturbing bodies as
nacelles or propellers moving in free air obviously
extends laterally an infinite distance. The disturbance
is relatively great in the immediate vicinity of the dis-
turbing element, but the magnitude of the low change
diminishes rather rapidly with increasing distance from
its source and becomes asymptotic to a zero value.
When a nacelle or a propeller or both are tested on a
wing, they influence the flow over the whole of the wing,
from tip to tip, regardless of the span. It is therefore
improper to speak of a limit to, or a lateral extent of,
the influence of nacelle or propeller and useless to
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effects have been measured on the 15-foot-span wing.
The blocking effect mentioned previously is considered
to be & known quantity in the full-scale tunnel as a
result of airplane tests and its numerical value is prob-
ably smaller than that for the same wing tested in the
20-foot tunnel. The jet-boundary corrections are also
smaller, being, for a 15-foot-span wing, less than 30
percent of the values in the 20-foot tunnel because of the
proportionately larger jet area. In order to define
more closely the limits of the nacelle and propeller
mﬂuences, pressure-distribution tests were made to
give the required span-load curves.
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F1GURE 1.—Plan of test wing; lower surface showing pressure-orifice locations.

attempt to determine a wing span that includes within
its tips the whole flow change. However, since the
effect of nacelles and propellers becomes inappreciable
for engineering usage at some distance laterally and
becomes less than the limits of measurement at approxi-
mately the same point, it is convenient to consider the
lateral extent of such effect to be the distance at which
the local effect (for pressure-distribution tests) or the
total effect (for force tests) becomes less than the limits
of accuracy of the test for any increase of the span
over which the effects are measured. Throughout the
present paper the lateral extent is considered to have the
limits just enumerated.

The present investigation was planned to evaluate
‘the aforementioned effects in the full-scale wind tunnel.
Force tests, repeated on wings of 5-foot chord and 15-,
20-, 25-, and 30-foot spamns, were made to determine
propulsive efficiencies, nacelle drag efficiency factors,
and net efficiencies. Comparison of the values for the
different spans shows to what extent the complete

APPARATUS AND METHODS

The full-scale wind tunnel, its balance, and the wing
supports used in these tests are described in reference 8.

The apparatus will not be described in detsil because
a great deal of it is the same equipment that was used
in the prior tests in the 20-foot tunnel. (See reference
1.) The wooden wing specially built for the tests to
the ordinates specified in table I was of 30-foot span,
5-foot chord, and had a thickness equal to 20 percent
of the chord. It was built to allow its being shortened
symmetrically about its center to spans of 25, 20, and
15 feet. At each of 14 rib stations on the left half of
the wing (fig. 1) 22 copper tubes terminated flush with
the wing surfaces. These tubes passed inside the wing
to flexible connections at the wing-support points. At
the support points, the wing was provided either with
large cut-outs through which the tubing passed during
pressure-distribution tests or with small closely fitting
cut-outs during force tests, the tubing being concealed
inside the wing in the latter case. A number of flush
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cover plates on the upper and lower surfaces of the
center section were provided to allow attachment of the
nacelle in various positions.

TABLE I.—WING ORDINATES

Station Upper Lower
Percent Percent P
d Inches ckord Inches chord Inches
0 0 8.7 4.00 6.7 4.00
2.5 150 i2.0 7.20 3.0 1.82
5 3.00 14.2- 8.50 1.8 1.10
10 6.00 17.1 10.28 .6 .34
15 9.00 18.7 1L24 .2 .10
20 12,00 19.6 1L75 0 .02
30 18. 00 20.0 12,00 0 0
40 24.00 18.9 11.34 [ 0
50 30.00 16.9 10. 14 0 0
60 38.00 141 8.48 0 0
70 42,00 1.0 6.58 0 1]
80 48.00 7.5 4.52 0 0
90 54.00 3.8 2,30 ] 0
100 60, 00 0 0 0 0

The 4/9-scale model of a Wright J-5 radial air-cooled
engine and N. A. C. A. cowled nacelle, the same as
used in previous tests, is illustrated in figure 2. The
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For pressure-distribution tests the orifices were con-
nected to two multiple-tube manometers in the balance
house by tubing attached to the support -fairings.
The recording manometers pictured in figure 4 are
fully described in reference 9.

Force tests and pressure-distribution tests were made
of the wing alone and of the wing with the nacelle in
three positions. A 30-foot span wing was first used;
by cutting and refinishing both tips, the span was
reduced progressively to 25, 20, and 15 feet. Similar
measurements were made in each case.

Figures 5 to 9 show the different spans, nacelle
locations, and support conditions that make up ithe
32 combinations tested. Pressure-distribution tests
were run, separately from the-force- tests, with: the
tubing that is attached to the strut fairings joined 4d
the flexible ends of the tubing-in the wing, and the
bundle of connections faired, as nearly as could be;
into a streamline shape as shown in figures 6 and 9.
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F10URE 2—The N. A. O. A. cowled nacelle and engine assembly.

nacelle contains a 25-horsepower 220-volt direct-current
motor and an electric tachometer. A 4-foot aluminum-
alloy model of the right-hand Navy No. 4412, 9-foot
adjustable propeller, set 17° at 0.75 B, was normally
used, but for a part of the pressure-distribution tests,
to simulate flow over the half of the wing without pres-
sure orifices, a geometrically similar left-hand propeller
was fitted and pressure readings were taken on the
same wing orifices as before. The three typical nacelle
locations used in the present tests are shown in figure
3 and are designated by the numbering system of

Force tests were made of the wing alone for each
span at an air speed of approximately 60 miles per
hour over an angle-of-attack range from —12° to 25°
by 2° intervals, except that the intervals were closer
near minimum drag and maximum lift. In addition,
force tests and pressure-distribution measurements
were made for the wing alone at angles of attack of
—5°%,0°, 5° 10°, and 15° at air speeds of approximately
30, 50, 80, and 100 miles per hour. .

For each span and for each nacelle location, with
propeller. removed, force measurements at the same 5°

reference 1.

intervals were made at various air speeds between 2
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and 100 miles per hour. Pressure-distributionmeasure-
ments were made at the same angles at air speeds of 30,
50, 80, and 100 miles per hour.

For each span. and for each nacelle locatlon, W1th
right-hand propeller, propeller operating force .tests
were made at angles of attack of —5°, 0°, 5°, and 10°.
at 12 values of V/aD obtained by varying the air.speed
between. 27 and 100 miles per hour and by throttling
the motor at the highest air speed. Pressure-distribu-
tion. tests.were made at the sameangles at four values
of V/nD, between 0.23 and 0.76, obtained at approxi-
antely 36; 50, 80, and 100 miles per hour. . Both types
-oft test werse repeated for the 15- and 30-foot spans
swith the left-hand: propeller. .

. Tare force tests were made on the 30-foot-span wing
‘by suspending it independeéntly and measuring the air
forces on, the supports. The tare values obtained on
the.30-foot-span wing were used for all spans.
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F1GURE 3.—Nacello test locations.

In all force tests the lift, dra.g, angle of attack, and air
speed were measured and, in the prope]ler—operamng
tests, the torque and prope]]er revolution speed in
addition. Double or triple readings were taken for
each test condition. -In the pressure-distribution tests,
single readings of angle of attack, air speed, and pressure

at individual orifices were taken and, in tests with | . .

propeller operating, the propeller speed as well.
RESULTS s

The conditions during these tests represent approxi-
mately one-fifth the full-scale Reynolds Number of a
large, modern, high-speed transport airplane. The
results for ‘high-speed flight,” defined subsequently,
were taken at about 88 miles per hour (Reymnolds
Number approximately 4,000,000) and those for
“climbing flight” at about 57 miles per hour (Reynolds
Number approximately 2,500,000). The degree of
turbulence in the full-scale tunnel is discussed in
references 10 and 11, which indicate that the effects of
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turbulence are of secondary importance. The same
references show that agreement may be expected
between tests in the 20-foot tunnel and in the full-scale
tunnel. For the purposes of this report the present
results may be considered directly comparable, as
regards scale and turbulence, with results from the
20-foot tunnel and may also be considered representa-
tive of flight conditions.
. FORCE TESTS

The force-test data were corrected by the method
described in reference 6 that allows comparison of
different wing-nacelle combinations at the same angle
of attack. This method involves computation of
propulsive efficiencies, nacelle drag efficiency factors,
and net efficiencies, all at the same angle of attack (for
the same span), and correction for the jet-boundary
drag and induced drag resulting from the differences in
lift caused by the nacelle and propeller combinations.
This procedure eliminates certain discrepancies that
dévelop when the data are reduced in accordance with
the method used in references 1 to 5. The corrections
are explained in detail in reference 6, but the method
and factors involved will be briefly enumerated in the
following section.

- Propulsive efficiency 7 is the ratio of the effective
thrust power (total thrust power less loss caused by
increased drag of parts in the slipstream) to the motor

power. . -
- _ effective thrust X velocity of advance
= motor power

_[@T—-aD)yv
o P

C’T V AOD{"‘AOD, )
_(TnD Cr 2D¢ (nD
where all symbols have their usual meanings except

as noted.
| Or=15A0
pn*lr
where
T is thrust of propeller (shaft tension).
AD, change in drag of body (nacelle plus
«- wing) due to action of propeller.
. T—AD, effective thrust, the quantity actually
inferred from the measurements be-
cause of the difficulty in measuring T'
and AD separately; equal to the gross
propeller-operating thrust of a wing-
nacelle-propeller combination plus the
drag of the same wing-nacelle combi-
nation, propeller off, at the same atti-
tude and air speed.

ACp,, change in induced drag due to & change
in lift. In the present case the lift
change caused by the propeller is put
in the form of the equivalent drag
change by assuming the latter equal
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FI1GURE 4.—Multiple-tube recording manometers, model 4, connected for pressure- Fi1GURE 5.—Force test; 6- by 30-foot wing, nacelle above.
distribution tests. .

FIGURE 6.—Pressure-distribution test; 5- by 30-foot wing, nacells central.



454 REPORT NO. 560 NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS . |

— Somin S 2

FIGURE 8.—Forcee test; 5- by 25-foot wing, nacelle below. FIGURE 9.—Pressure-distribution test; 5 by 15-foot wing, nacelle central.
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to the change in induced drag expe-
rienced by an ellipically loaded wing
of the same aspect ratio when its lift
is changed from the actual measured
lift, propeller removed, to the meas-
ured lift, propeller operating.

where

C., is lift coefficient, propeller operating, of &
wing-nacelle-propeller combination at a
given angle of attack.

Ck,, lift coefficient, propeller removed, of the
same wing-nacelle combination at the
same angle of attack.

A, aspect ratio.

ACOp, change in jet-boundary drag correction
due to a change in lift; for the same
reasons and based on the same lift
change as ACh,,

Aop,=(a§><ob,e—0¢)

where
5 is the nondimensional jet-boundary correc-
tion factor.
O, cross-sectional area of the jet, 1,608 square
feet.

Nacelle drag efficiency factor N. D. F. is the ratio
of power absorbed by nacelle drag and interference to
the motor power.

(Co,—Cp,,+ACh,+ACp)) , 8 7\®
N.D.F.= 0 XWX(EE)
where
Op,, is drag coefficient, wing alone, at a chosen
angle of attack.

Op,, drag coefficient of wing-nacelle combina-
tion at the same angle of attack.

AO),, change in induced drag due to a change in

lift; in this case, the lift. change caused

by the nacelle.
— (OL:_ 0"62)
ACp="—pcd

O, lift coefficient of wing alone at the same
angle of attack as (7 is taken.

ACp, change in jet-boundary drag due to a
change in lift; for the same reasons and
based on the same lift change as ACp,.

205,=(s %(OL,;—OL;)

Net efficiency 7, is the percentage of the motor power
available for uses other than for overcoming the losses,
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direct and indirect; of the nacelle-propeller combina-
tion; that is, the fraction of the engine brake horse-
power available for overcoming the drag of the com-
plete airplane without nacelles, nacelle supports, if any,
and propellers.

2o=17—N.D.F.

The results are compared for two flight conditions:
C.=0.2, V/nD=0.65; and C;=0.6, V/nD=0.42, values
which represent high-speed (not necessarily full-
speed) and climbing conditions, respectively, for air-
planes utilizing the pitch setting used in these tests
(17°). The three types of tests—wing alone, wing and
nacelle with propeller removed, and wing-nacelle com-
bination with propeller operating—wwere all compared,
for any one spap, at the same two angles of attack at
which the wing alone showed the chosen lift coefficients;
differences in lift were taken into account as detailed
in reference 6 and as described briefly in the preceding
paragraphs. All results were corrected for blocking and
for the air-stream angle known to exist in the tunnel.
Both these corrections were determined by sairplane
tests and by Clark Y airfoil tests reported in reference
10 and by air-stream surveys made in the jet. All
results are finally corrected for jet-boundary effects.
The values of the factor § used for these corrections
are: —0.203 for 15-foot span, —0.206 for 20-foot
span, —0.208 for 25-foot span, and —0.210 for
30-foot span.

Results of the force tests are summarized in figure 10,
which shows the variation of propulsive efficiency,
nacelle drag efficiency factor, and net efficiency with
span. The plotted points are not observed values but
are computed from values taken from faired curves.
They are included only to show the degree of disper-
sion from the faired curve. Since the present com-
parisons are made at different values of C;, than those
chosen in reference 1, the results are also compared for
the conditions (Cp=0.409, V/nD=0.65; (C,=0.652,
VinD=0.42) used in that reference and the numerical
values are given in table IT.

TABLE IL—COMPARISON OF 15-FOOT-SPAN RESULTS

Nacolle above Nacelle contral Nacalle below
Tunnel N.D N.D N.D
¥, ® % o ™ b To
High speed; am=0"; CL=0.40%; V/nD=0.65
20400t 1| 0.155 | 0.802 [ 0.647 | 0.042 | 0.776 | 0.734 | 0.086 | 0.763 | 0.677
Full-scale?.| .187 | .784 | .647 | .05 | .813 | .762 | .097 | .794 | .67
Climbing; a=5; Cn=0.652%; VinD=0.42
20foot 1.___| 0.035 [ 0.663 | 0.628 | 0.017 { 0.683 | 0.666 | 0.028 | 0.644 | 0. 616
Fuoll-scale? | .034 | .677| .648| .020| .734 | .714| .005 | .659 | .654

1 Data from reference 1, corrected by method of reference 6.
iDamtrompresenttes'm,correctedbymathodorreferencad.
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Complete polarsfof the wing and wing-nacelle combi-
nations (fig. 11) for the four spans show the variation
of nacelle drag with lift coefficient. It is apparent,
however, that if the nacelle drags are identical when
nacelles are mounted on two wings of unequal span and
area, other conditions being the same, the nacelle drag
coefficients will not be the same in both cases because
of the different wing areas on which the coefficients are
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FIGURE 10.—Varlation with span of nacelle-propeller eficlency factors.

based; that is, on the 30-foot-span wing a nacelle drag
of 4.6 pounds at 100 miles per hour gives a nacelle drag
coefficient ACp of 0.0012; whereas, if the nacelle has
the same drag when mounted on the 15-foot-span wing,
the nacelle drag coefficient ACp is equal to 0.0024 based
on the reduced wing area. In order that any variation
with span, as well as variation with lift coefficient, may
be shown on a plot of nacelle drag coefficients, each
coefficient is multiplied by a factor K equal to the ratio
of the wing areas and the result is termed the “effective
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nacelle drag coefficient.”” 'This coefficient is then a con-
stant independent of span or area if the actual nacelle
drag is constant for different spans. . The factors and the
resulting effective nacelle drag coefficients are shown in
figure 12. In figure 13 the variation of effective nacelle
drag coefficient with span is shown for the three nacelle
positions at the high-speed: condition.

In figure 14 are plotted some results obtained ineci-
dentally during the main research. They show the
variation with span of effective profile drag coefficient at
C;=0.2, maximum lift coefficient, and angle of attack
for maximum lift, all corrected to free-air conditions.

+ . PRESSURE-DISTRIBUTION TESTS -

’

The basis for comparison of the pressure—distribution
tests is the same as for the force tests, 1. e., high-speed
and climbing conditions, with the same crltenons a8 in
the force tests. “The normal-force coefﬁclent Oy for
each rib was first plotted against angle of attack « and,
for propeller-operating tests, at a constant V/nD. At
the angle of attack at which the force tests showed that
the chosen Cp would be realized, the value of Oy for
each rib was read. For propeller-operating tests these
points were cross-plotted against V/nD and values at
the chosen V/nD were used. These values of rib Oy
were then plotted at appropriate rib positions to give
the span loading for the two flight conditions con-
sidered.

Results of the pressure-distribution tests are col-
lected in figures 15, 16, and 17. These figures show
the span-load curves for high-speed and climbing flight
for the wing alone and for the nacelle above, central,
and below. The charts show the loading as seen from
upstream, looking at the leading edge, with the pro-
peller turning in the direction indicated. The plotted
points are not observed values but are obtainéd by
cross-famng and are included as the best gulde in judg-
ing the limits to which the curves should be read. For
the following reasons the curves do not show’ directly
the resultant free-air load distribution of the complete
span. Moeasurements were taken on only one half of
the wing and 2 left-hand propeller was used to simulate
the slipstream effect on the other half of the wing. A
blocking effect in the tunnel (reference 12) results in
slightly different local velocities at ‘each rib; but, for
simplicity, the rib coefficients are computed on the
basis of average velocity. No- correction for the jet
boundary was made to the span loading, but this effect
is known to be-small. The previously mentioned con-
ditions, however, do not make the results any less valid
for the present comparison; in fact, the use of right-
and left-hand propellers eliminates the effect of any
agsymmetry of air flow and wing profile and permits an
easier and more accurate determination of the slip-
stream effect.
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PRECISION results should be accurate to within =2 percent for the
The precision of the force tests was about the same efficiencies and 420 percent at low Lift coefficients for
as for the earlier tests in the 20-foot tunnel. The angle the nacelle drag coefficients.
of attack of the wing was set within 0.1°. Tachometer | The pressure-distribution results are less precise than
readings were accurate to within one-half of 1 percent. | the force results. Only single observations were taken
Lift readings were taken to the nearest pound and drag | for a given set of conditions but cross-fairing tended to
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Fiaurg ll.{ (a, b, ¢, d).—Comparison of lift and drag characteristics of wing alone and N. A. C. A. cowled nacelle combination, propeller removed, in three positions,

corrected for tunnel effects; Reynolds

readings to the nearest 0.1 pound. The magnitude of
the tare forces aided in securing high accuracy; tare
drag| was approximately 7 percent of Cp,., for the
15-foot span and approximately 4 percent for the 30-
foot span. The over-all precision is, of course, less on
the larger spans on account of obtaining small differ-
ences by deducting forces of correspondingly larger
magnitudes. On the 15-foot span, at least, the final

Number, 2,800,000; full-scale tunnel.

diminish the effect of individual erratic readings. The
scatter of points on plots of rib Cy against « shows the
dispersion to be more nearly a given absolute value
than & given percentage so that the accuracy will be less
at the lower lift coefficients. Below the stall, however,
the dispersion of observed points might be placed at
+5 percent and the accuracy of the final span-load
curves at =+ 3 percent.
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DISCUSSION factors show the same tendency except that the indi-

FORCE TESTS . cated variation is greater in some cases. 'The nacelle

An examination of figure 10 indicates the extent to | drag efficiency factor is useful mainly for comparison
which the nacelle-propeller efficiency factors may vary | with results previously reported; a more useful and
with the span of the test wing. Propulsive efficiencies, | more accurately determined quantity and its variation
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FIGURE 12 (a, b, 0).—Eflective nacelle drag coefficlents for four spans. Based on wing area of 75 square feet; engine diameter, 20 inches. ACr=K(Cp,~Cp,).

both in high-speed and climbing conditions, generally | with span will presently be discussed. A comparison
tend to increase slightly as the wing is shortened from | of the propulsive-efficiency curves and the curves of
30 to 15 feet. The best combination, nacelle central, | the nacelle drag efficiency factor demonstrates that the
shows small variation in propulsive efficiency, especially | propeller, in spite of its larger diameter, is no more
at the high-speed condition. The nacelle dragefficiency | affected by span than is the nacelle. ! Because the
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propulsive-efficiency curves and N. D. F. curves have
similar tendencies, the net-efficiency curves show even
less variation with span than the curves from which
they are derived. The maximum over-all variation of
any of the net-efficiency curves is little over 3 percent.
These curves generally show their greatest departure
from constant values for the 30-foot span for which the
experimental errors are known to be largest.

I ]
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.02 o0 — . central
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.008
A —=——F=%= e ||
2 —— b =
004
T - — - —t— -2
2] :
15 20 25 30

Wing swon, feet
F1GURE 13.—Variation with span of effective nacelle drag cosflicients for Cp=0.2.

It has been determined (reference 13) that the most
accurate way to apply nacelle-propeller data to air-
planes, the design speed of which is considerably in
excess of the wind-tunnel speeds at which the data
were taken, as is now usually the case, is to use an
experimentally determined propulsive efficiency and
the effective nacelle drag coeflicient (which includes
interference) scaled to the proper engine size and wing
area, instead of using a net efficiency value. At the
higher flying speeds the nacelle drag assumes a greater
importance than formerly and accurate data on this
portion of the airplane loss are accordingly more valu-
able. For this reason the nacelle drag, in the form of an
effective nacelle drag coefficient, is obtained from the
original data with as little loss in accuracy as possible
by taking the difference in effective profile drag coeffi-
cients, nacelle off and nacelle on, at the same lift coeffi-
cients. These results (fig. 12) are readily usable for
design purposes; it is recommended that the faired-
curve values be used in each case. Because of their
simple and more accurate derivation and because the
results are represented for the whole useful-lift range
instead of for the two conditions (Cr=0.2 and C;,=0.8)
previously used, these results provide a good basis for
judging the effect of span.

All the results cited thus far, especially the curves
of effective nacelle drag coeflicient, indicate no system-
atic variation of nacelle and interference drag with
span and imply that all effects, within the precision of
the measurements, are therefore included by the 15-
foot-span wing. Figure 13, derived from figure 12,
is typical and illustrates the condition for a high-speed
lift-coefficient value. Similar figures, constructed for
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larger values of lift coefficient, show a greater -dis-
persion of points but cannot definitely be interpreted
to show consistent variations of nacelle and interfer-
ence drag with span.

The comparison in table IT of 20-foot-tunnel data
with the corresponding data from the full-scale tunnel
demonstrates that both series of tests are substantially
in agreement. As explained in reference 6, the pro-
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FIGURE 14.—Variation with span of wing-nacelle characteristics. Correctad for
tunnel effects; Reynolds Number 2,800,000; full-scale tunnel.

pulsive efficiencies and nacelle drag efficiency factors
given in reference 1 will change when corrected for the
induced-drag effects but, because the power coefficients
and lift-curve slopes remain nearly constant, the net
efficiencies will not change perceptibly.

The values of all quantities measured in the full-scale
wind tunnel are generally higher than those from the
20-foot tunnel but, compared with the precision of the
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tests, the difference is not great. Propulsive efficiencies
for the three nacelle locations average 0.017 higher for
high-speed and 0.026 higher for climbing; nacelle drag
efficiency factors average 0.001 higher for high-speed
and 0.008 higher for climbing; and net efficiencies
average 0.016 and 0.034 higher, respectively.

The incidental results plotted in figure 14 show the
usual trend for wings of medium aspect ratio. The wings
with nacelles show decreasing maximum lift coefficients
as the aspect ratio is decreased from 6 to 3, but the
decrease is only about half that for the wing alone.
The minimum drag coefficient of the wing alone in-
creases with decreasing aspect ratio because a tip loss,
which must be nearly constant in absolute value for
the spans tested, accounts for a larger portion of the
coefficient as the area is reduced. In the same way
the nacelle, with its drag a constant independent of
span, raises the coefficient most for the shortest span
hecause of the smaller area on which the coefficient is
based. If allowance is made for this fact, the variation
of minimum drag coefficient is about the same for the
wing-nacelle combinations as for the wing alone. The
various combinations show an increase of angle for
maximum lift, with decrease of aspect ratio, similar to
the wing alone except that the increase is more rapid
for the lower aspect ratios.

PRESSURE-DISTRIBUTION TESTS

If only the more marked effects that would be impor-
tant in engineering practice are considered, the pressure-
distribution curves of span load (figs. 15, 16, and 17)
also show that the nacelle and propeller effects do not
extend appreciably beyond the limits of a 15-foot-span
wing, approximately four and one-half nacelle diam-
eters or two propeller diameters outboard of the center.
Figure 15, nacelle above the wing, shows that the effects
of the nacelle extend in no case beyond 80 or 100 inches
(four or five nacelle diameters) from the center. Figure
16, nacelle central, shows that although the loading at
the center is changed more radically than for nacelle
above or below, the effects do not extend beyond 100
inches. Figure 17, nacelle below the wing, shows that
the effects of the nacelle extend about 100 inches as a
maximum. Contrary to the previously expressed sup-
position, most of the curves show that the lateral extent
of the propeller effect is no greater than that of the
nacelle without propeller.

Consideration of the degree to which all the nacelle
locations tested in the present research indicate like
values of the lateral extent of their influence and
consideration of the results of reference 7, which
indieate that the magnitude, but not the lateral extent,
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of the interference increases for high-drag nacelles
(comparable to uncowled engines) and very poor loca-
tions (touching the upper or lower surface of the wing),
lead one to believe that the present conclusions are
applicable to usual wing-nacelle-propeller combinations.
One of the variables not tested was wing thickness,
but this’ variable is shown by other results (reference
3) to be of secondary importance. The case of the
pusher propeller probably represents the greatest de-
parture, but this case probably affects wing-nacelle
characteristics less because the inflow, in which a part
of the wing lies, is more regular and of smaller intensity
than the slipstream of a tractor propeller.

The present tests indicate that the optimum span
on which to test the 4/9-scale nacelle and propeller in a
large wind tunnel is about 20 feet (semispan equal to
gix nacelle diameters or two and one-half propeller
diameters, approximately). For smaller spans the
pressure-distribution results show appreciable effects,
in some cases to the point at which the tip effects begin,
a condition which it seems desirable to eliminate. For
larger spans the precision of the force tests decreases.
The 15-foot span wing, however, is sufficiently large to
measure all effects within practical limits of accuracy.

CONCLUSIONS

1. Force and pressure-distribution tests concur in
[indicating that for engineering purposes the influence
of a nacelle may be considered to extend laterally along
a wing no farther than about five nacelle diameters
from its center. \

2. Similar tests indicate that a propeller operating
with a usual wing-nacelle combination may be con-
sidered to influence the wing no farther laterally
than does the nacelle alone, that is, about two propeller
diameters from its center.

3. All important effects of a 4/9-scale nacelle-pro-
peller combination may be measured within practical
limits of accuracy on & 15-foot-span wing in the jet of
the 20-foot tunmnel.

4. The present test results show substantial agree-
ment, for the same operating conditions, with results
previously obtained in the 20-foot tunnel.

5. The foregoing conclusions probably apply approxi-
mately to all usual wing-nacelle-propeller combinations.

LaneLey MEMORIAL AERONAUTICAL LABORATORY,
Natronar Apvisory COMMITTEE FOR AERONAUTICS,
LangrLey Frewp, Va., April 21, 1936.
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